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immobilization; mechanical signals; IVD morphology; IVD biochemistry; spine THE INEVITABLE REDUCTION in loading of the spine concomitant to immobilization, chronic bed rest, a sedentary lifestyle, or spaceflight can contribute to degradation of the intervertebral disc (IVD), serving as a potential etiologic factor in the onset of low back pain (26, 27, 36, 44) . As an example of the extreme, astronauts-devoid of gravity-incur a disrupted IVD structure and nucleus pulposus (NP) herniations at a greater incidence than either the general population or an army aviator population (21, 44) . While the specific etiology of back pain remains unknown, disc degeneration has been implicated as both a direct and indirect source of back pain. Stimulation of nociceptive nerves in the annulus fibrosus (AF) and anterior dura mater (9) may originate from reduced disc height, reduced water content, and/or low intradiscal pressure in moderately degenerated discs and from radial tears and rim lesions in severely degenerated discs. In the NP, degradation may initiate release of nerve-stimulating cytokines (23) . In addition, degeneration of the IVD precedes herniation of the NP, which typically occurs in the more deformable posteriolateral region of the disc (48) .
Although it is clear that avoiding disuse-induced disc degeneration is critical, little is known about which specific aspect of the habitual mechanical environment is critical for preserving IVD health. During daily activities, the IVD is subjected to dynamic mechanical signals of a large range of magnitudes, frequencies, and durations (43) . Walking with and without loaded backpacks as well as weight training induces mechanical signals that are relatively large in magnitude but low in signal frequency (Ͻ20 Hz), and the efficacy of these signals to maintain/restore IVD morphology has been limited (19) . At the other extreme, postural challenges cause a barrage of relatively small mechanical signals that arise through longer periods of time but relatively little is known about their role in preserving IVD health.
Removing mechanical loads from the spine causes the IVD to imbibe water and to swell. During reambulation, walking with or without backpack loads at 40% body wt or leg presses in the absence of weightbearing require long periods to restore the height of the IVD (19) . Similarly, 45 min/day of running during negative pressure may attenuate but not fully prevent morphological alterations to the lumbar IVD (7). When using externally generated mechanical stimuli, rather than exercise per se, the frequency of the signal can be raised and there is clear evidence that the IVD has the ability to sense mechanical signals induced at frequencies that are substantially higher than those generated by aerobic or anaerobic exercise (43) . For instance, the application of 10 min/day of low-intensity vibrations can preserve the morphology of the IVD and reduce the incidence of back pain exacerbated by prolonged bed rest (15) , but the manner in which this protection is realized remains unknown.
While critical to understanding the interaction of mechanical signals and IVD viability, a standard nonsurgical small-animal model for altered spinal loading that may facilitate a more complete understanding of the mechanically induced changes in IVD health is yet to be established. Hindlimb unloading (HU) is commonly used to simulate the effects of weightless-ness on the musculoskeletal, cardiovascular, and orthostatic systems. In the IVD, HU reduces hydrostatic pressure (12) and, similar to immobilization (27) , increases the expression of the catabolic protein MMP-3 (47) . In addition, HU reduces the expression of the anabolic protein aggrecan and the anticatabolic protein TIMP-1 (47) , changes that are similar to those leading to disc degeneration in humans. Other responses of the rat IVD during HU are dissimilar to clinical unloading results, likely because HU imposes a relatively static loading environment on the rodent spine rather than unloading per se. For instance, imposing HU reduces disc height (14) , rather than increasing it as observed in the IVD height during bed rest. Here, using HU to alter spinal mechanical loading patterns, our aims were 1) to determine the site-specific geometric and biochemical changes of the rat IVD during the absence of dynamic compressive forces and 2) to compare the efficacy of brief ambulatory periods to two low-intensity vibration interventions in their ability to prevent IVD degradation of the rat spine during HU.
MATERIALS AND METHODS
Experimental design. This study was reviewed and approved by the Institutional Use and Care Committee of Stony Brook University. Female Sprague-Dawley rats (18 wk of age, n ϭ 44) were hindlimb unloaded (HU) for 4 wk according to the Morey-Holton method (30) . A subset of HU rats (n ϭ 11 per group) stood on a vertically oscillating plate in an upright position (24) in vertical plastic cylinders (height: 30.5 cm, inner diameter: 10.2 cm; Fig. 1 ). The signal was applied for 15 min/day at a peak acceleration of 0.2 g at either 45 Hz (HUϩ45) or 90 Hz (HUϩ90). Sham control (HUϩSC) rats stood in an upright position in the cylinder without receiving vibrations. HU rats received no intervention. Baseline (BC; n ϭ 11) and age-matched (AC; n ϭ 11) rats of the same animal cohort were used as controls. Body mass was measured weekly. Animals had ad libitum access to standard rat chow and water.
Skeletal maturity in rats is often defined by the plateauing of bone mass because the functional closing of the growth plate does not occur until 8 -10 mo of age (28) . In the Sprague-Dawley rat, this plateau is reached at ϳ4 -6 mo of age in both the femur and the spine (16) . Longitudinal growth in long bones declines to very low levels at 4 mo of age (16) , consistent with the observed bridging across the epiphyseal tibial growth plates that starts at 3 mo of age (28) . Our rats that were 4.5 mo old at the start of the study could, therefore, be defined as "young adult rats."
Transmission of the oscillatory signal. Oscillatory displacements transmitted from the vibrating plate to the upright lumbar spine were estimated in two additional adult rats via computer-aided speckle interferometry (CASI) (8) . Briefly, silicon carbide particles were placed on one side of two double-sided adhesive tape strips to create random speckle patterns. One tape strip was adhered to the shaved back (L5 region) of each of two rats while another tape strip was attached to the oscillating part of the vibration plate. The magnitude of the oscillatory motions of the plate and animals were measured in separate trials, and, therefore, no temporal associations between the two recordings could be made. Oscillations of speckle pattern were recorded with a Redlake Motion Scope high-speed camera (Del Imaging Systems, Cheshire, CT) at 250 fps for a total of 0.06 s while the plate was vertically oscillating at 45 and 90 Hz (0.2 g peak acceleration each). Each image frame containing a field of view of 14 mm 2 was partitioned into 30 sections. Rigid body displacements between consecutive frames for each section were then mapped using CASI. The 30 displacement magnitudes, one for each partition, were averaged across the entire field of view to create a displacement profile as a function of time for the oscillatory plate as well for the L5 region. Oscillatory displacements from the L5 region at 45 and 90 Hz were determined for both rats. Transmission was calculated as the ratio of the average peak displacement of the L5 region to the average peak displacement of the plate.
Microcomputed tomography. Before death, an in vivo two-dimensional x-ray image was taken of the spine of five anesthetized rats from each group to determine the in vivo lumbar length from superior L1 to superior S1 ("scout view" of VivaCT 75; Scanco, Brüttisellen, Switzerland). As the 3-D in vivo tomographies did not offer sufficient contrast at high resolutions, the spine was extracted to perform contrast-enhanced ex vivo microcomputed tomography (CT) imaging. After death, the spine was stored en bloc at Ϫ20°C. Following storage, the lumbar spine was excised of extraneous tissue, soaked in a 40/60% solution of Hexabrix (Mallinckrodt, St. Louis, MO) and 0.15 M PBS for 1 h to enhance contrast for the IVD (32) and imaged by ex vivo CT (MicroCT 40; Scanco) at a resolution of 20 m (45 kV, 177 A, 300 ms integration time). Ex vivo lumbar length from superior L1 to superior S1 of each lumbar spine was measured with the scanner's scout view. Inherently, the extraction of the spine led to the expansion of the IVDs and lumbar spine due to lost endogenous tension. While the distension masked the absolute in vivo change in disc morphology due to the experimental treatments, it occurred equally across all the groups (please see RESULTS) and therefore should not have influenced the relative comparisons in disc morphology between groups.
All lumbar IVD were segmented by density, and the volume, area, and height were computed. Variables from each lumbar IVD of any given spine were averaged to represent the overall lumbar IVD geometry. Anterior (ANT) and posterior (POS) disc heights were measured directly from the 3D tomographies (Fig. 2) . ANT corresponded to the average IVD height of the anterior half-area of the IVD while POS corresponded to the average height of the remaining half. Average height of the entire IVD was denoted as total height. The ratio of IVD height/area represents a modified Farfan index (11), which has been proposed as a measure of disc health (34) . Following scanning, all of the discs were resoaked in PBS with protease inhibitors for 1 h and then returned to Ϫ20°C.
Biochemical analysis. Once thawed, the NP of each IVD from 5 (of 11) lumbar spines in each group was sectioned with a 1.5-mm dermal biopsy punch (Miltex, York, PA). The remaining AF was sectioned medially into the anterior (AAF) and posterior (PAF) annulus fibrosus. NP, AAF, PAF, and uncut IVD were dried at 65°C for 18 h to determine the stable dry weight (DW). The temperature was selected based on previous investigations (4), but it is possible that dehydration at a higher temperature or of an intact segment would have more accurately quantified disc constituents (3). The samples were then digested in equal volumes of papain (Sigma-Aldrich, St. Louis, MO) for 18 h at 60°C. The content of sulfated glycosaminoglycans (sGAG) was estimated by a 1,9-dimethylmethylene blue assay (Sigma-Aldrich) (4). Upon hydrolysis in HCl for 18 h at 110°C, collagen (Col) content was estimated by a hydroxyproline assay. The sGAG and Col content was expressed with DW as a referent (4) . In addition, sGAG content was expressed with Col content as a referent (33) . Total IVD content was obtained from unsectioned IVD as well as sectioned IVD in which total content was expressed as the sum of its parts.
Statistics. In vivo and ex vivo lumbar length within rats was compared with a paired t-test. One-way ANOVA with Tukey post hoc tests were used to compare differences between groups. Because the baseline control group was not critical for directly testing the hypotheses, but served to quantify age-related changes in control rats, two-tailed t-tests were used to compare AC to BC rats. Longitudinal data of body mass within any given group were compared with a repeated-measure ANOVA and pairwise comparisons. All data were presented as means Ϯ SD. Relative differences between group means were denoted as percent difference Ϯ SD of the sampling distribution of the relative difference (relative standard error of the difference). Statistical significance for all tests was considered at Ͻ5% (SPSS 18; SPSS, Chicago, IL).
RESULTS

Animals.
All animals tolerated the hindlimb unloading protocol without any visible discomfort. The average initial body mass of each group was between 291 and 293 g (Table 1 ). Normally ambulating age-matched controls gained 7% (P Ͻ 0.01) body mass over the 4-wk protocol while body mass of unloaded rats did not change significantly ( Table 1) . As a result, body mass of the hindlimb unloaded animals was consistently less than of ambulating controls except for HUϩ90 at day 14 (P ϭ 0.067). There were no significant differences in body mass between any of the HU groups at any given point in time, indicating that neither placing the rats into cylinders nor the application of vibrations raised stress hormones to a level that caused altered body mass. In addition to body mass, t-tests indicated that there were also no significant differences in any outcome variable between HU and HUϩSC groups. In an effort to preserve statistical power (and avoid raising the probability of committing a type II error), these two groups were pooled and referred to as HU Ϯ SC.
Signal transmissibility. After two trials, the measured frequency and amplitude of the plate when configured for the 45 Hz group was 46 Ϯ 1 Hz with a 51.3 Ϯ 0.2 m displacement, and, when set for 90 Hz, the platform oscillated at 87 Ϯ 4 Hz with a 12.5 Ϯ 0.8 m displacement, matching the mathematically predicted plate displacement of 48 m at 45 Hz and 12 m at 90 Hz. Video recordings of the L5 spinal regions, made from the computer-aided speckle interferometry, revealed displacement magnitudes of 32.8 Ϯ 3.2 and 9.6 Ϯ 0.6 m at 45 and 90 Hz, respectively, suggesting a 64 and 77% transmission of the vibration signal from the platform to the appendicular skeleton. As measured by CASI, the vibration frequency at L5 (47 Ϯ 6 Hz; 91 Ϯ 2 Hz) was similar to the frequency of the plate (Fig. 1) . The static signal (0 Hz) did not generate a measurable oscillatory displacement amplitude at the L5 region.
Extraction effect on lumbar spine length. Comparison of the in vivo and ex vivo lumbar length for the mean of all animals showed that excision of the lumbar spine from the body increased the lumbar length by 1.8%, from 44.9 Ϯ 1.0 to 45.7 Ϯ 1.1 mm (P Ͻ 0.001). When stratified into groups, the percent difference between the in vivo and ex vivo lumbar length was not different between any of the groups (P Ն 0.41). Age-related IVD changes in normally ambulating rats. The 4 wk age difference between age-matched and baseline control rats was associated with a 10 Ϯ 3% greater (P ϭ 0.013) posterior disc height, a 7 Ϯ 1% greater (P ϭ 0.012) area, and a 8 Ϯ 2% (P ϭ 0.032) smaller height-to-area ratio ( Table 2 ). The IVD in the older AC rats also had an 81 Ϯ 27% greater (P ϭ 0.017) NP collagen content and 18 Ϯ 8% greater (P ϭ 0.048) PAF collagen content.
Geometric and biochemical changes of the IVD during HU. Compared with AC, the IVD of rats subject to 4 wk of unloading (Ϯsham loading) were 10 Ϯ 3% shorter (P Ͻ 0.001) in total height, 10 Ϯ 3% shorter (P ϭ 0.001) in ANT height, 10 Ϯ 3% shorter (P ϭ 0.009) for POS height, 8 Ϯ 2% less (P ϭ 0.008) in area, and 19 Ϯ 3% lower (P Ͻ 0.001) in IVD volume (Fig. 3 , Table 2 ). For specific disc levels, the IVD volume of HU Ϯ SC was 20 Ϯ 7% lower (P ϭ 0.024) than AC at L2-L3, 19 Ϯ 5% (P ϭ 0.007) lower at L3-L4, and 20 Ϯ 4% (P ϭ 0.001) lower at L4-L5. No significant differences were evident at either L1-L2 or L6-S1 (P Ն 0.225; Table 3 ).
No significant differences in Col content of the IVD were observed between AC and HU Ϯ SC (P Ն 0.082; Fig. 4 ). In contrast, total sGAG content of the IVD was 7 Ϯ 2% lower (P ϭ 0.039) in the unloaded (Ϯsham loading) than the AC group (Fig. 4) . When stratified by region, sGAG in the NP was 17 Ϯ 8% less (P ϭ 0.041) in HU Ϯ SC, but was not different between the two groups in the AAF (P ϭ 0.143) or PAF (P ϭ 0.206; Fig. 4) . The Col-to-sGAG ratio was 17 Ϯ 5% (P ϭ 0.009) greater in unloaded than AC rats for the entire IVD, but no significant statistical differences were detected in specific regions (P Ն 0.386; Fig. 4 ). For specific disc levels and compared with AC, the IVD Col-to-sGAG ratio of HU Ϯ SC was significantly greater at L1-L2 (35 Ϯ 14%, P ϭ 0.020) and at L3-L4 (35 Ϯ 11%, P ϭ 0.009) but not at L2-L3, L4-L5, L5-L6, or L6-S1 (P Ն 0.066; Table 3 ).
Efficacy of 45 vs. 90 Hz vibration. The ability of the two mechanical interventions to attenuate unloading-induced hypotrophy of the lumbar IVD was differential. Overall, the ability of the 45 Hz signal to influence the degradation of the IVD was minimal, contrasting with the application of the 90 Hz signal that partially preserved both IVD morphology and sGAG content. The only geometric benefit to the IVD of the 45 Hz signal was reflected in the anterior height, which was 10 Ϯ 2% greater (P ϭ 0.006) than HU Ϯ SC and not significantly different from AC (Fig. 3) . The inability of the 45 Hz signal to preserve morphology was evident by the 9 Ϯ 3% smaller (P ϭ 0.009) posterior height and 16 Ϯ 3% smaller (P ϭ 0.008) IVD volume compared with AC (Table 3, Fig. 3) . Furthermore, the individual IVD volume at L4-L5 was 16 Ϯ 6% lower (P ϭ 0.035) in HUϩ45 than in AC (Table 3 ). In contrast, IVD morphology from HUϩ90 compared with HU showed total IVD height to be 8 Ϯ 2% greater (P ϭ 0.022), anterior height 9 Ϯ 2% greater (P ϭ 0.011), and IVD volume 15 Ϯ 4% (P ϭ 0.029) greater (Table 2, Fig. 3 ). For any given morphological parameter, the IVD of HUϩ90 were not statistically different from those of AC (P Ն 0.266).
Biochemically, sGAG content of the IVD subjected to the 45 Hz signal was not different from HU Ϯ SC for any given region (P Ն 0.078), but the total Col-to-sGAG ratio of HUϩ45 discs was 13 Ϯ 4% (P ϭ 0.034) smaller than HU Ϯ SC and not significantly different from AC (Fig. 4) . For specific disc levels and compared with HU Ϯ SC, Col-to-sGAG ratio of HUϩ45 discs was significantly greater (35 Ϯ 10%, P ϭ 0.052) only at L1-L2. By increasing the signal frequency from 45 to 90 Hz, most biochemical changes associated with hindlimb unloading were prevented. Compared with HU Ϯ SC, the sGAG content of HUϩ90 rats was 12 Ϯ 3% greater (P Ͻ 0.001) in the whole IVD, 22 Ϯ 6% greater (P ϭ 0.025) in the NP, 21 Ϯ 5% greater (P ϭ 0.013) in the AAF, and 20 Ϯ 5% greater (P ϭ 0.013) for PAF (Fig. 4) . None of the IVD biochemical properties of HUϩ90 was significantly different from values in AC. Comparing the two different vibrated groups directly, total IVD sGAG content of HUϩ45 was 9 Ϯ 3% (P ϭ 0.038) less than that measured in HUϩ90 (Fig. 4) .
DISCUSSION
The purpose of the study was to determine the consequences of hindlimb unloading, a model of disc degeneration, on the overall and regional morphology and biochemistry of lumbar IVD and then quantify the ability of low-intensity vibration (45 or 90 Hz) to attenuate changes in the IVD induced by the removal of dynamic loading. Four weeks of hindlimb unloading induced morphological and compositional degradation of the intervertebral discs, deterioration that was not slowed by short daily periods of upright postural weight bearing. Superimposing very low-magnitude mechanical signals, induced by 90 Hz vibrations, on the short period of upright weightbearing helped preserve both the disc morphology and sGAG content, with a greater benefit to the sGAG content of the NP than the AF. In contrast to the protective effects of the 90 Hz signal, the 45 Hz signal provided few morphologic or biochemical benefits. As the IVD was preferentially protected by the 90 Hz signal, which induced displacements significantly smaller than the 45 Hz signal, the mechanism by which the IVD perceived and responded to the oscillatory signal is likely associated with characteristics particular to the higher frequency (e.g., cellular sensitivity to a specific frequency band), rather than a displacement based physical mechanism (e.g., extracellular matrix strain).
There are obvious limitations in using the IVD of a quadrupedal rat as a model of the impact of the removal of weightbearing for the bipedal human (38) . Nevertheless, when normalized to the ratio of IVD height to area, biomechanical properties of lumbar IVD of rodents are similar to those of humans (4) . The adult rat IVD retains notochordal cells that disappear by adulthood in humans, but unlike most other species and similar to humans, chondrocyte-like cells of the rat IVD dominate the cell population of the IVD (18) . And while the higher metabolism and shorter life span permit adaptive changes in IVD properties to occur more rapidly, the existence of (slow) rates of bone growth in our young adult rats may also have to be considered when translating results of this study to adult humans. Consistent with stress levels that increase during the first few days of unloading and then normalize to ambulatory control levels (30), body mass of our unloaded rats was significantly less than in ambulating controls after the first week, upon which the rate of body mass gain normalized. While constraining the rats to an upright posture in the acrylic tubes did not alter body mass, it is possible that the temporary confinement altered the biochemical profile.
Furthermore, it is important to consider that hindlimb unloading does not necessarily unload the spine per se, but instead alters the mechanical environment of the spine by substituting the dynamic mechanical signals engendered by locomotion with a relatively static loading environment. Suspension at 30°subjects the tail to an unusual tension of 50% body wt (13) , but the resulting load distribution at the lumbar IVD remains unclear because the applied load is distributed among ligaments, zygapophysial joints, muscle, bone, and IVD of the spine and has not been measured directly. It is possible that the disparity between the hypotrophic response in the HU rat and the hypertrophic response of the human IVD during bed rest and space flight is directly related to differences in the imposed mechanical environment, although 5 days of spaceflight also caused a nonsignificant increase in rat disc height (37) . Together, the hindlimb unloaded rat represents a model of the impact of altered loading on disc degeneration, but cellular and functional disparities need to be kept in mind when interpreting the consequences of the removal of weightbearing and the potential benefits of providing surrogates for load bearing such as vibration.
To facilitate direct transmission from the inferior to the superior region of the spine, the low-magnitude oscillatory mechanical signals were applied in the longitudinal direction of the spine (15) while the rats were standing upright on their hindlimbs in an acrylic cylinder (24) . Similar to the translation of vibrations to the L4 vertebra of human subjects standing on an oscillating plate with 20°knee flexion (35) , the level of transmissibility in the rats reached ϳ65-75%. Bipedal stance is a routine activity of rats roaming their cages, and because of the habitual nature of this activity (2a), it may not be surprising that 15 min/day of upright standing in the absence of the low-intensity vibrations provided no protective benefit to the IVD compared with hindlimb unloading alone. Comparable to studies of immobilization, unloading, and spaceflight (27, 33) , the sGAG content in the IVD of hindlimb unloaded rats decreased by ϳ20%, a difference as large as the decline over 20 yr in human adulthood (41) . Thus our data emphasize that changing the mechanical environment of the IVD from dynamic habitual loading to a predominantly static state is antianabolic/catabolic and that reintroducing mechanical challenges "simply" by return to function for short periods were not Volume, mm 3 sufficient to maintain disc morphology and biochemistry at those levels measured in age-matched controls (14, 19) . In contrast to the degradation measured in the IVD of the hindlimb unloaded, or those subject to 15 min of weightbearing, superimposing vertical 90 Hz vibrations for 15 min/day effectively served to maintain height and volume of the IVD. In contrast, rats exposed to the 45 Hz signal had IVD morphological properties that resembled those of rats with or without sham loading. Increasing the vibration frequency from 45 to 90 Hz also preserved growth-related changes in most geometric variables of the IVD. These data derived from an animal model of disc degeneration caused by unloading support the findings of bed rest studies, which show, in the human, the consequences of nonweightbearing and the potential benefits of introducing mechanical signals via vibration (16 -30 Hz and 0.3-0.7 g), with or without exercise, toward maintaining IVD shape and volume (5, 15) . Unlike the current study, clinical studies have not directly compared different vibration frequencies and it remains to be investigated whether mechanical signals at frequencies are more efficacious in preserving the morphology of the human IVD as well.
Inherently, there are very little data on altered glycosaminoglycan or collagen content of human IVD during prolonged unloading of the spine with or without countermeasures. A significant advantage of animal models involves the ability to directly associate regional biochemical changes in the IVD to mechanical loading or its removal. While maintaining erect posture, exposure to daily bouts of 0.2 g vibrations at 90 Hz, but not 45 Hz, maintained sGAG content of the lumbar IVD during unloading. These observations are supported by in vitro investigations that showed that high-frequency oscillations (100 Hz) can increase sGAG synthesis in chondrocytes even at acceleration magnitudes of far less than 0.1 g (40) . Thus the loss of sGAG content modulated by the removal of weightbearing forces may be prevented by the anabolic nature of mechanical signals reintroduced in a higher frequency domain as vibrations.
The response of the IVD was not only sensitive to the specific vibration frequency but also dependent on the specific region within the disc and on the disc level within the spine. The homogenously smaller height of the IVD in hindlimb unloaded animals here contrasted with a HU study of younger rodents that showed a greater difference in the posterior height of the IVD than the anterior portion (14) , suggesting an age-dependent manner in which regions of the disc modulate unloading. Similar to the greater loss of glycosaminoglycan in the NP of degenerated discs (1), the difference in sGAG content of discs that were unloaded with and without brief weightbearing tended to be greater in the NP than AF. Fewer glycosaminoglycans in the NP may reduce hydration and propagate degradation by increasing the range of motion of the disc, consequently delivering excessive strain to the annulus (39) . It appears that these undesirable outcomes were partially prevented by the daily introduction of 90 Hz vibration during brief periods of weightbearing, which normalized the regionally dependent sGAG difference compared with both unloading and the application of 45 Hz oscillations.
The physical mechanism whereby such low-magnitude mechanical signals influence the morphology and biochemistry of the IVD remains unclear. It is conceivable that a physical mechanism based on fluid motion may reflect some of the "benefits" of vibration, as the mechanical signal had a greater impact on sGAG content in the highly fluid NP. Removing dynamic mechanical loading may have initiated degradation by decreasing the hydrostatic pressure of the NP (12) and expelling fluid from the NP. Compared with 45 Hz vibration, 15 min of 90 Hz oscillations would have generated more numerous and more rapid loading cycles, a physical challenge that may have more effectively influenced fluid characteristics and, ultimately, contributed to protecting the disc from degradation. While this hypothesis will ultimately be tested via direct fluid measurements, it is also consistent with the greater impact of 90 Hz vibrations on anterior disc height than posterior disc height. As indicated by a similarity in regional collagen structure (29) to human discs, the rat IVD may mimic the tensioncompression disparity in the anterior-posterior region of the human disc (42) . Therefore, the 90 Hz signals might have induced a mechanical environment that drew fluid anteriorly from the fluid-filled spinal cord (31) and promoted the response in this region.
Alternative to a tissue-deformation or fluid-dependent mechanism that is typically associated with the mechanical stimulation of viscoelastic cells incumbent in the IVD, the apparent protective benefit of low-intensity vibrations may have been realized by a cellular mechanism (10) . Indeed, vibrations of much higher frequencies (300 -350 Hz) and even lower displacements (1.5-3 m) than studied here have been shown to stimulate chondrocyte proliferation and proteoglycan synthesis (23, 25) . The physical means by which a cell can sense a mechanical signal this small is unknown but perhaps involves out-of-phase acceleration of the nucleus relative to the membrane of the cell, with adaptive responses triggered by mechanical challenges transmitted through the cytoskeleton (2). If a mechanism based on intracellular interactions accounts for the response found here it will likely be influenced by a number of factors such as cytoskeletal functionality (6) or IVD structure. It could also be speculated that, at the level of the cell and the molecules, the signaling pathways by which cells across the musculoskeleton perceive and respond to low-intensity vibrations are similar and involve mechanosensors distinct from those that sense much larger forces at lower frequencies. Future studies identifying molecular pathways as well as altered kinetics of cellular components induced by vibrations will not only uncover the underlying mechanisms but may also facilitate optimization of the vibratory signal.
Relatively large, dynamic loads are presumed to be critical for maintaining the compositional and metabolic health of the IVD (45). Here we show that extremely low-magnitude mechanical signals, applied using low-intensity vibration for only brief periods every day, can serve to slow the morphological and biochemical deterioration of the disc during hindlimb unloading. Similar to previous data in the skeleton (22) , the ability of these signals to preserve the IVD was frequency dependent, with the 90 Hz signal being more effective than the 45 Hz signal, although the displacement of the higher frequency signal was much smaller. We do not know if the benefits of the 90 Hz signal were realized through a physicaltransduction mechanism dependent on mechanical deformation of the matrix or a direct triggering of a biologic response through signaling of the cells within the IVD. Nevertheless, these data may indicate the potential benefit of a "surrogate" for high-frequency, low-magnitude endogenous muscle contractions otherwise removed by hindlimb unloading (17) and indirectly benefited the IVD by challenging the structure and biology of the disc with a physiologically relevant barrage of mechanical signals (46) . Together, these data emphasize the risk to the intervertebral disc of removing mechanical loading, as well as the ability of extremely low-magnitude mechanical signals to contribute to the protection of an IVD otherwise devoid of function.
